Testicular Leydig cells (LC) are rapidly and selectively destroyed by an injection of ethane dimethane sulfonate (EDS). LC regeneration occurs in the testis of the EDS-treated rats from the differentiation of the precursor Leydig cells (PLC). This study was designed to investigate the patterns of change in the mRNAs for the luteinizing hormone receptor (LHR) and the steroidogenic enzymes, cholesterol side chain cleavage (P-450 scc ) and 17 -hydroxylase (P-450 17 ) during LC regeneration from PLCs. Mature (60 days of age) Sprague-Dawley male rats received a single intraperitoneal injection of EDS and were killed at different times between days 2 and 60 posttreatment. PLC-and LC-enriched fractions were isolated from the testes of the EDS-treated rats and age-matched control rats using a collagenase digestion-Percoll gradient method. Total RNA was extracted from these cell populations and subjected to Northern blot analysis.
process of differentiation of PLCs into LCs. At day 45 post-EDS treatment, the level of the 7·0 kb transcript decreased while the 1·8 kb form increased in the PLC fraction, reflecting the completion of LC regeneration from this cell fraction. By day 60 post-EDS treatment, the levels of the 1·8 kb transcript rose to the value observed in undifferentiated control PLCs and the other transcripts were no longer detected in the PLC fraction, indicating that cells in the PLC fraction were again in an undifferentiated stage.
Messenger RNAs for both the steroidogenic enzymes, P-450 scc and P-450 17 were expressed in the control LC fraction. Neither of these two mRNAs were detected in the PLC fraction of the control rats. P-450 scc and P-450 17 mRNAs were first expressed in the PLC fraction at day 10 post-EDS treatment. Thereafter, the levels of P-450 scc and P-450 17 mRNAs increased in the PLC fraction and reached a peak between days 24 and 36 and days 24 and 45 post-EDS treatment respectively. P-450 scc and P-450 17 mRNAs were no longer expressed in the PLC fraction at day 60 post-EDS treatment. These patterns also reflect the process of differentiation of PLCs into functional LCs.
These results demonstrate for the first time that PLCs in the control testis are undifferentiated and do not express functional LHR and steroidogenic enzymes or their mRNAs. The PLCs are characterized, however, by the expression of a truncated 1·8 kb transcript of the LHR mRNA. Functional LHR and steroidogenic enzymes are expressed in PLCs only during their differentiation into LCs after EDS treatment. Subsequent to LC regeneration, the PLCs return to an undifferentiated stage.
INTRODUCTION
The principal function of testicular Leydig cells (LC) is the production of androgens, with testosterone being the most important product. The synthetic pathway of testosterone in LCs involves several cytochrome P-450 enzymes. The first step, catalyzed by P-450 scc (side chain cleavage enzyme), is the conversion of cholesterol to pregnenolone (Privalle et al. 1983 , Hall 1985 . A single enzyme, P-450 17 (17 -hydroxylase), subsequently catalyzes two reactions in the synthetic pathway which involves 17 -hydroxylation and cleavage of the C 17-20 bond (Nakajin et al. 1984 , Hall 1991 . The expression of steroidogenic enzymes involved in testosterone synthesis is a functional characteristic of mature LCs in the testis.
Differentiated morphological structure and biochemical function of LCs are dependent upon luteinizing hormone (LH) secreted from the pituitary (Teerds et al. 1989 , Russell et al. 1992 . The receptor for LH (LHR) is located in the plasma membrane and belongs to a G-protein-coupled receptor family. The acute effect of LH on LC function is mediated mainly by the cAMP-protein kinase A pathway (Bartke et al. 1978 ) and the long term tropic effect of LH on LC structure and function requires both RNA and protein synthesis (Payne et al. 1992 ). The LHR is expressed primarily in the LCs; however, immunohistochemical studies have shown the presence of LH/ chorionic gonadotropin (CG) receptors in the vascular endothelial cells of the testis (Misrahi et al. 1996) . Reiter et al. (1995) also demonstrated the existence of functional LHR in the rat prostate, mainly in the ventral lobe.
Several transcripts of LHR mRNA have been detected in both the testis and ovary, varying from 1·2 to 7·6 kb in length (Saez 1994) . This phenomenon may result from alternative splicing or multiple transcription start sites (Segaloff et al. 1990 , Segaloff & Ascoli 1993 . Transcripts larger than the full length 2·1 kb cDNA can be translated into the receptor and the 7·0 kb transcript has been shown to correlate with functional receptor levels in cells (Vihko et al. 1992 , Segaloff & Ascoli 1993 . The 1·2 and 1·8 kb transcripts encode for truncated forms of the LHR corresponding to the extracellular domain which remain trapped within the cells rather than being secreted (Segaloff & Ascoli 1993) .
Although the development of LCs in the testis and the regulation of this process have been studied for many years, they are not fully understood. The adult-type LCs are believed to be derived from the differentiation of the precursor Leydig cells (PLC) during puberty (Tapanainen et al. 1984 , Mendis-Handagama et al. 1987 . It is still unclear, however, what are the morphological and biochemical processes involved in PLC differentiation. In recent years, ethane dimethane sulfonate (EDS), an alkylating agent which selectively destroys LCs in the mature testis, has been used in studies of LC development. Within two days after a single injection of EDS, all LCs have disappeared from the testis (Kerr et al. 1985 , Morris et al. 1986 . LC regeneration occurs between two and four weeks after EDS treatment from the differentiation of the PLCs (Jackson et al. 1986 , Kerr et al. 1987 . The present study utilized purified LC and PLC fractions from the EDS-treated rats to detect and determine the patterns of change in LHR and steroidogenic enzyme mRNAs during PLC differentiation. These results provide an insight into the process of PLC differentiation into functional LCs.
MATERIALS AND METHODS

Animals and treatment
Mature (60 days of age) male Sprague-Dawley rats were purchased from Harlan Industries (Indianapolis, IN, USA) and housed in a 12-h light/dark environment with water and rat chow available ad libitum. Animals received a single intraperitoneal injection of EDS (100 mg/kg body weight) and were killed by decapitation on day 2, 10, 16, 20, 24, 36, 45 or 60 after treatment. Agematched controls were also killed at each of these times. Each experiment was performed two to seven times, using ten rats per group. This institution's animal use committee approved all experimental protocols to which these animals were subjected.
Chemicals and solutions
EDS, which is not commercially available, was synthesized as described previously (Myers & Abney 1990) . The rat LHR cDNA probe was a gift from Dr A J W Hsueh at the University of California, San Diego, USA. Plasmid with rat P-450 scc cDNA insert was a gift from Dr J S Richards at Baylor College of Medicine (Houston, TX, USA). The cDNA for P-450 17 was provided by Dr R H Fevold at the University of Montana and generously given by Dr V B Mahesh (Medical College of Georgia, Augusta, GA, USA). Escherichia coli containing pHcGAPD (a plasmid with an insert for glyceraldehyde phosphate dehydrogenase) was purchased from American Type Culture Collection (Rockville, MD, USA).
Cell isolation
Testes were removed from the animals and placed on ice in a 1:1 mixture of DMEM and F12 buffered with 1·2 g sodium bicarbonate/l and 15 mM HEPES containing 0·1% BSA and 25 mg soybean trypsin inhibitor/l, pH 7·4 (DMEM/F12). Testes were digested in DMEM/F12 with 0·625 mg collagenase/ml. The procedures utilized to isolate the LC and PLC fractions were carried out essentially as described by Klinefelter et al. (1987) and Hardy et al. (1990) . Briefly, dispersed interstitial cells were separated from the tubular compartment by filtration through surgical gauze and washed twice in DMEM/F12 by centrifugation at 800 g to sediment the cells and remove the collagenase. The interstitial cells were suspended in 55% Percoll and centrifuged at 20 000 g for 60 min at 4 C in a Beckman JA-20 fixed angle rotor. A gradient was thereby generated in which cells banded in the regions of their iso-density. A gradient containing density marker beads was centrifuged simultaneously to provide a guide for fractionation. A gradient fraction containing PLCs was removed from the Percoll gradient between a density of 1·064-1·070 g/ml and a gradient fraction enriched in LCs was collected from a density heavier than 1·070 g/ml. Each fraction was diluted with DMEM/F12 and centrifuged at 800 g to remove the Percoll while pelleting the cells. The purity of PLCs and LCs isolated by this procedure was reported previously to be 90% and 93% respectively, based on 3 -hydroxysteroid dehydrogenase (3 -HSD) histochemical staining (Shan & Hardy 1992) . We also observed that greater than 90% of the cells in the control LC fractions were darkly stained, indicating a high percentage of 3 -HSD-positive cells. Identification of the various cell-types in the PLC fraction was not performed, but the majority of cells in the control PLC fraction were lightly stained. By contrast, in the day 20 post-EDS-treated PLC fraction which contains differentiating LCs, we observed greater than 90% staining overall; however, only about 33% of these cells stained deeply, while the remainder stained lightly. Such a variable intensity of cell staining suggests that the PLC fraction contains PLCs that are in different stages of differentiation into LCs.
Northern blot analysis
Total RNA was extracted from the LC-or PLCenriched fractions with RNAzol and the RNA concentration was determined by UV absorbance at 260 nm. Twenty micrograms RNA from each cell fraction were utilized for Northern blot analysis. The procedures for Northern blot were carried out essentially as described by Shan & Hardy (1992) . Briefly, RNA was electrophoresed on a 0·66 M formaldehyde agarose gel in 1 MOPS buffer. RNA was transferred onto Genescreen hybridization transfer membranes in 10 SSC for 16-24 h. Prehybridization of the membranes was performed at 42 C for 2-4 h in 50% formamide, 5 SSPE, 5 Denhardt's solution, 1% SDS, 10% dextran sulfate with the addition of 100 µg/ml denatured sheared salmon sperm DNA. Hybridizations were carried out overnight in fresh buffer with 32 P-labeled cDNA probes as the template. Membranes were washed and exposed to Kodak X-ray film at 80 C for an appropriate time between 24 and 48 h. Quantification of mRNA was performed by scanning the autoradiograms with an Ultrascan XL Laser densitometer and the target mRNA levels were expressed relative to that of the internal standard, glyceraldehyde phosphate dehydrogenase (GAPD).
Statistical analysis
Data were subjected to ANOVA and Dunnett's and Fisher's LSD t-test to detect statistical differences. A P value c0·05 was considered to be statistically significant.
RESULTS
These results depict the patterns of change in three important functional markers of Leydig cells during the differentiation process. Messenger RNA levels for LHR, P-450 scc and P-450 17 in LC and PLC fractions of the control and EDS-treated rats were detected by Northern blot analysis. Levels of the target mRNAs were corrected by that of the internal 'house keeping gene', GAPD.
Northern blot results and quantification of LHR mRNA levels in LC and PLC fractions are shown in Fig. 1 . The LC fraction from the control rats expressed all four major transcripts of LH receptor mRNA, 1·8 kb, 2·5 kb, 4·2 kb and 7·0 kb (Fig. 1A) . Only the truncated 1·8 kb transcript was expressed in the PLC fraction of the control rats. At day 10 after EDS treatment, all four transcripts were detected in the PLC fraction (Fig. 1A) . At this time, the level of the 7·0 kb transcript of LHR mRNA was 0·52 0·11 (relative units) in the PLC fraction relative to the control LCs (Fig. 1B) . No significant changes of the 7·0 kb transcript level in the PLC fraction were detected between day 10 and day 20 post-EDS treatment. The amount of the 7·0 kb transcript for LHR increased significantly at day 24 after EDS injection (1·33 0·09 relative to the control LC fraction). The peak value of this transcript was 1·62 0·1 at day 36 post-EDS treatment in the precursor cell fraction. The level of the 7·0 kb transcript in the PLC fraction decreased  1. Northern blot analysis of the LH receptor in control Leydig cells and precursor cells and in precursor cells after EDS treatment. Twenty micrograms total RNA extracted from the Leydig cell and precursor cell fractions were analyzed as described in Materials and Methods. Northern blot results are shown in (A). The amount of the LH receptor mRNA was standardized to that of the GAPD and assigned a value of 1 in the control Leydig cells. (B) and (C) illustrate the levels of the 7·0 kb and 1·8 kb transcripts respectively. The ratio of 7·0 kb and 1·8 kb transcripts in the control and EDS-treated groups is shown in (D). The results represent the means ... from two to seven experiments, each performed using ten rats. In (B) the levels of LHR 7·0 kb transcript from precursor cells of the control and EDS-treated rats were compared by Fisher's LSD t-test and values marked a are significantly different from values marked b (P<0·05). In (C) the levels of the 1·8 kb transcripts in the precursor cells were compared by Dunnett's t-test and asterisks indicate significant differences when compared with the control precursor cells.
greatly at day 45 post-EDS treatment and was no longer detected in this fraction at 60 days after EDS administration.
When the amount of the 1·8 kb transcript mRNA was corrected by GAPD mRNA and assigned a value of 1 for the control LCs, the level of this truncated transcript was 1·92 0·41 in the control PLCs (Fig. 1C) . PLCs at day 2 post-EDS treatment were also found to express only the 1·8 kb transcript and the amount of this transcript was not different from that of the control precursor cells (Fig. 1C) . In comparison to the changes of 7·0 kb transcript in the PLC fraction, the 1·8 kb truncated transcript had decreased significantly at day 10 after EDS treatment and reached a nadir between 16 and 36 days post-EDS treatment (Fig. 1C) . The levels of this truncated form of LH receptor mRNA transcript began to increase and returned to the control level at 60 days post-EDS treatment, coinciding with the decrease in the 7·0 kb transcript in the PLC fraction. The ratio of 7·0 kb to 1·8 kb transcript in the control LC fraction was 1·02 0·23 (Fig. 1D ). As expected, this ratio rose dramatically during the period of LC regeneration and peaked at a value of 5·0 1·36 on day 36 post-treatment. Likewise, this ratio dropped as cells in the PLC fraction returned to the undifferentiated stage with expression of only the 1·8 kb transcript.
The changes in P-450 scc mRNA levels in the LC and PLC fractions during differentiation are shown in Fig. 2A and B. The steroidogenic enzyme P-450 scc mRNA was detected in the LC fraction of the control testis with a size of 2·2 kb. PLCs in the control testis did not express the mRNA for this steroidogenic enzyme; likewise P-450 scc mRNA was not detected in the PLC fraction at day 2 after EDS injection. PLCs began to express P-450 scc mRNA at day 10 post-EDS treatment at a level of 0·26 0·08 relative to the control LCs. This low level of P-450 scc mRNA was maintained in the PLC fraction between days 10 and 20 post-EDS treatment. P-450 scc mRNA in the PLC fraction increased significantly to a level of 0·75 0·05 at day 24 post-treatment and reached the maximum (0·99 0·03 relative to control LCs) at day 36 post-EDS treatment, reflecting the presence of differentiating LCs. The P-450 scc mRNA level in the PLC fraction then decreased significantly at day 45 and was not detected at day 60 post-EDS treatment, indicating that the PLC fraction no longer contained LCs.
The pattern of change in mRNA levels for P-450 17 , another important LC steroidogenic enzyme, was also investigated. As shown in Fig. 3 , Northern blot analysis demonstrated that mRNA of P-450 17 was expressed in the LC fraction of the control rats. Similar to the results obtained for P-450 scc , mRNA for P-450 17 was not detected in the PLC fraction in the control testis. P-450 17 mRNA also showed a similar pattern to that of P-450 scc mRNA during the differentiation process of PLCs. It was not detected in the precursor cell fraction at day 2 after EDS treatment. PLCs began to express P-450 17 mRNA at day 10 post-EDS treatment (0·74 0·1 relative to the control LCs). P-450 17 mRNA levels did not change significantly between day 10 and day 20 post-EDS treatment. At day 24 after EDS treatment, P-450 17 mRNA increased significantly to 1·48 0·14 relative to the control LCs. It reached a peak value at day 36 post-EDS treatment (1·73 0·12) and maintained a high level at day 45 post-EDS LH receptor, P-450 scc and P-450 17 mRNAs ·    and   123 treatment, coincident with the process of LC differentiation. Again, gene expression of P-450 17 was no longer detected in the PLC fraction at day 60 post-EDS treatment.
Finally, to confirm the complete regeneration of LCs at the transcriptional level, total RNA was extracted from the heavier density (>1·070 g/ml) LC fraction at days 36 and 60 post-EDS treatment. RNA was subjected to Northern blot analysis using the same cDNA probes discussed above and the results are shown in Fig. 4 . As demonstrated in previous studies (Edwards et al. 1988 , Risbridger & Davies 1994 , LCs had regenerated by 36 days post-EDS treatment and were again isolated in the heavier Percoll fraction. The levels of LHR and steroidogenic enzyme mRNAs had returned to the control LC values (Fig. 4A and B) .
DISCUSSION
The destructive effect of EDS on testicular LCs in the rat has been well documented (Jackson & Jackson 1984 , Kerr et al. 1987 , Myers & Abney 1990 , 1991 . Two days after EDS treatment, serum testosterone levels decrease sharply and no histologically recognizable LCs are present in the testis (Jackson et al. 1986 , Vreeburg et al. 1988 . LC regeneration begins around two weeks after EDS treatment from the differentiation of a population of PLCs (Kerr et al. 1987 , Risbridger & Davies 1994 . PLCs isolated from the control testis are undifferentiated and demonstrate very little capacity for testosterone production and human (h) CG responsiveness. After mature LCs are destroyed by EDS injection, however, PLCs in the testis undergo a differentiation process and give rise to a new population of LCs (Risbridger & Davies 1994 , Zhai et al. 1996 . LC regeneration is complete by five to seven weeks after EDS treatment, at which time normal testicular morphological structure and physiological function return.
Successful isolation of LCs and PLCs from both immature (Hardy et al. 1990 ) and EDS-treated mature rats (Risbridger & Davies 1994) have been reported. In the present study, more than 90% of the cells in the control LC fraction (density > 1·070 g/ml) were 3 -HSD positive, indicating a high purity of LCs in this cell fraction. In contrast, the majority of cells in the PLC fraction (density 1·064-1·070 g/ml) isolated from the control testis were only faintly stained, with less than 5% darkly stained cells. At day 20 post-EDS treatment, 93% of the cells in the PLC fraction were stained, of which 33% were darkly stained as 3 -HSD-positive cells. This provides evidence that PLCs in the testis undergo a differentiation process to become steroidogenically active cells after EDS-induced death of the initial LC population. Hardy et al. (1990) also showed that the majority of PLCs isolated from immature rats were faintly stained by 3 -HSD histochemical analysis and became 3 -HSD-positive cells after in vitro incubation with hCG for three days. All these results indicate that the cell isolation procedures used to prepare LCs and PLCs are reproducible and yield high purity cell fractions.
LH is the primary tropic factor regulating LC function. LHR has been demonstrated to be present exclusively in LCs in the male rats. The regulation of functional LHR levels in LCs can occur at the transcriptional, post-transcriptional and receptor protein levels. The occurrence of multiple species of LHR mRNA has been of great interest since first reported by McFarland et al. (1989) . The full length LHR cDNA is 2·1 kb and therefore the truncated mRNA forms (1·2 and 1·8 kb) cannot be translated into the whole receptor. The major species of LHR mRNA in both the testis and the ovary is the 7·0 kb transcript and the amount of this transcript is correlated with hCG binding capacity in the testis (Vihko et al. 1992) . In the present study, the four major mRNA transcripts of LHR (7·0, 4·2, 2·5 and 1·8 kb) were detected in the LC fraction of the mature rats. On the other hand, only the truncated form (1·8 kb) of the transcript was detected in the undifferentiated PLC fraction of the control rats. This truncated form was also the only transcript present in the PLC fraction at day 2 post-EDS treatment. Studies using EDS-treated rats have shown that hCG binding capacity in the testis declined sharply within two days to very low or negligible levels (Jackson et al. 1986 , Myers & Abney 1990 . It has been demonstrated that the 1·8 kb truncated transcript encodes the extracellular domain of LHR and is capable of binding LH/hCG. However, it remains trapped within the cell rather than being incorporated into the cell's plasma membrane (Segaloff & Ascoli 1993) . Tena-Sempere et al. (1994) demonstrated the presence of this truncated form of LHR mRNA using whole testicular tissue. Using rat testicular interstitial cell preparations, Bhalla et al. (1993) reported previously that only the 1·8 kb transcript was detectable on days 4 and 10 post-EDS treatment, while all the LHR mRNA transcripts were present after LC regeneration occurred. Using the adult male hypophysectomized, EDS-treated rats in which PLCs do not differentiate into LCs due to the absence of LH, Veldhuizen-Tsoerkan et al. (1994) showed that the 1·8 kb transcript was the most abundant LHR mRNA species in the testis. Furthermore, Tena-Sempere et al. (1997) reported recently that the 1·8 kb transcript was associated with the prepolysomal RNA fraction, thus suggesting that it would be translated very inefficiently. These data explain the observation that the testis devoid of LCs after EDS treatment lacks the capacity to bind LH/hCG, in spite of the expression of a truncated form of LHR transcript in the PLCs.
The present study demonstrates that purified PLCs expressed all major mRNA transcripts of LHR at day 10 post-EDS treatment. The levels of the full length transcript (7·0 kb) increased in the PLC fraction between days 10 and 36 after EDS treatment while the truncated form decreased dramatically during this period. We have shown previously (Zhai et al. 1996) that cells in the PLC fraction exhibit an increase in in vitro testosterone production and hCG responsiveness coincident with the appearance of the 7·0 kb transcript. At day 60 post-EDS treatment, when the regeneration process was completed, the PLC fraction no longer expressed LHR mRNA except for the truncated form and again exhibited little capacity for producing testosterone. These results indicate that PLCs in the rat testis constitutively express the truncated form of LHR. The full length transcripts of LHR are associated with the differentiated function of LCs.
In the LC steroidogenic pathway, transport of cholesterol to the side chain cleavage enzyme (P-450 scc ) in the inner mitochondrial membrane is the rate-limiting step and, as a labile steroidogenic enzyme, P-450 17 is very important in the regulation of LC development and function. Our results show that neither of these two critically important steroidogenic enzymes was expressed in the PLCs in the control testis. As early as day 10 post-EDS treatment, the time when the full length LHR mRNA was detected, both P-450 scc and P-450 17 were expressed in the PLC fraction. It has been reported that the enzymatic activities of both P-450 scc and P-450 17 increase markedly between days 14 and 21 post-EDS treatment (O'Shaughnessy & Murphy 1991) . These increases in the enzymatic activities occur subsequent to the increases in the mRNAs levels.
In the present study, the level of P-450 scc mRNA reached a peak in the PLC fraction between days 24 and 36 post-EDS treatment, decreased significantly thereafter, and was no longer detected by day 60 post-EDS treatment. The pattern of P-450 17 mRNA changes in the PLC fraction during differentiation was similar to that of P-450 scc mRNA. It is interesting to note that the patterns for each of the three mRNAs reported in the present study exhibited an initial rise around day 10, with a nadir around day 20, followed by a second larger peak at day 36 post EDS-treatment. The significance of this biphasic pattern is unknown, but perhaps it reflects an initial wave of PLC differentiation into LCs followed by a second wave of cell division by the newly formed LCs as reported previously (Hardy et al. 1989 , Myers & Abney 1991 . LHR and steroidogenic enzyme mRNA levels in the LC fraction at days 36 and 60 post-EDS treatment were not significantly different from those of the control LCs, indicating the regeneration of LCs from the differentiation of the PLCs.
In summary, the present study has utilized purified cell fractions from the testis of EDS-treated rats to define the temporal changes in mRNAs for several components that are characteristic of functional LCs. The results demonstrate differentiation at the transcriptional level of PLCs after EDS treatment that are correlated with our previous data of the in vitro testosterone production by the PLC fraction (Zhai et al. 1996) . This study further illustrates that expression of a truncated form of the LHR mRNA is a characteristic of the undifferentiated precursor Leydig cells, that expression of the full length LHR and the steroidogenic enzyme mRNAs occurs early during differentiation into functional LCs and that the PLCs subsequently return to the undifferentiated stage.
